Using the first-principles plane-wave pseudopotential method within density functional theory, we have systematically investigated structural, electronic, and mechanical properties of M 2 Y 6 X 6 , Y 6 X 6 ͑X =Se,Te,S; Y = Mo, Cr, W; and M =Li,Na͒ nanowires and bulk phase of M 2 Y 6 X 6 . We found that not only Mo 6 X 6 , but also transition metal and chalcogen atoms lying in the same columns of Mo and Se can form stable nanowires consisting of staggered triangles of Y 3 X 3 . We have shown that all wires have nonmagnetic ground states in their equilibrium geometry. Furthermore, these structures can be either a metal or semiconductor depending on the type of chalcogen element. All Y 6 X 6 wires with X = Te atom are semiconductors. Mechanical stability, elastic stiffness constants, breaking point, and breaking force of these wires have been calculated in order to investigate the strength of these wires. Ab initio molecular dynamic simulations performed at 500 K suggest that overall structure remains unchanged at high temperature. Adsorption of H, O, and transition metal atoms like Cr and Ti on Mo 6 Se 6 have been investigated for possible functionalization. All these elements interact with Mo 6 Se 6 wire forming strong chemisorption bonds, and a permanent magnetic moment is induced upon the adsorption of Cr or Ti atoms. Molybdenum selenide-type nanowires can be alternative for carbon nanotubes, since the crystalline ropes consisting of one type of ͑M 2 ͒Y 6 X 6 structures can be decomposed into individual nanowires by using solvents, and an individual nanowire by itself is either a metal or semiconductor and can be functionalized.
I. INTRODUCTION
In spite of active research carried out on the mechanical, electronic, and transport properties of nanowires for several decades, [1] [2] [3] fabricating interconnects which fit molecular electronic devices have remained one of the major challenges in nanotechnology. Recently, carbon nanotubes 4 have been a focus of attention because of their diameter in nanometer scale and uniform cylindrical shape allowing ballistic transport. [5] [6] [7] These tubes can be metallic or semiconducting depending on the diameter and chirality angle. They are strong along the axial direction, but flexible radially. Moreover, they can be coated with metal atoms. [8] [9] [10] Nowadays, carbon nanotubes are synthesized in bundles which consist of a large number of tubes of different radius and chiral angle. It seems impossible to fabricate carbon nanotubes in desired diameter and chiral angle or select them from bundles. This difficulty remains a serious obstacle facing the wide range of possible technological applications of carbon nanotubes.
Molybdenum based nanowires with stoichiometry M 2 Y 6 X 6 ͑where M = Li, Na, Y = Mo, and X =Se,Te,S͒ have been synthesized by Potel 11 and Tarascon. 12 These materials grow also in ropes of structurally and electronically identical nanowires. Each rope has crystalline structure in a hexagonal close packed form. A weak interaction holds the wires together. The isolated wires are easily obtained from the bundles by using a highly polar solvent. 13 Although these materials are in bulk crystalline form, they show onedimensional ͑1D͒ properties due to the existence of long Y 6 X 6 atomic chains. Chew et al. 14 have used the nuclear magnetic-resonance spectroscopy to probe the electronic structure of the M cation sites in M 2 Mo 6 Se 6 , M = ͑Li, Rb, Cs, In͒. Tarascon et al. 12 have reported that charge transport properties of M 2 Mo 6 X 6 ͑M =K,Rb,Cs,Tl and X =Se,Te͒ nanowires can vary from metallic to semiconducting, depending on the temperature and composition. Recently, Venkataraman et al. 15, 16 have synthesized and characterized the structure and electronic properties of the bulk phase of Li 2 Mo 6 Se 6 and isolated Mo 6 Se 6 chains. Their observations have confirmed the 1D nature of these materials. Local density of states ͑LDOS͒ is consistent with Van Hove singularities peculiar to 1D systems. They have also observed that Peierls transition does not occur at least down to 5 K. Venkataraman et al. 16 have observed Luttinger liquid behavior in Mo 6 Se 6 nanowires, where linear conductance and current exhibit a power law dependence on temperature and bias voltage, respectively. Exponent governing of these power laws decreases with increasing number of conducting channels. Mechanical and electronic properties of Li 2 Mo 6 Se 6 and individual Mo 6 Se 6 nanowires have been studied by Riberio et al. 17 Electronic structure of Li 2 Mo 6 Se 6 , isolated Mo 6 Se 6 wires, and bulk Li 2 Mo 6 Se 6 are similar. Lithium atom behaves as a donor atom. Adsorption of Li does not modify the overall picture of the band structure, since the alkali atom, having very low ionization potential, easily donates its valence electron to the conduction band. Vilfan 18, 19 has studied electronic and elastic properties of bare and Li doped Mo 6 S 6 nanowires with ab initio calculations. Mo 6 S 6 wires also weakly interact in bulk form like Mo 6 Se 6 . The elastic constant of these wires along the wire axis is 320 Gpa which is higher than steel but smaller than the single wall carbon nanotubes ͑SWNT͒. 20, 21 Recently, Mo 6 S 9−x I x wires have been synthesized. 22 The structure of these wires consists of a rigid Mo octahedra. Each Mo atom is decorated with S or I atoms and octahedras are again connected by three S or I atoms. Yet, exact structure of these wires is unknown. Yang et al. 23 have theoretically studied equilibrium geometry and electronic structure of Mo 6 S 9 I 9 nanowires. Different isomers of these wires exhibit different electrical and magnetic properties. They can become either conductors or narrow gap magnetic semiconductors. Moreover, thin films of metallic Li 2 Mo 6 Se 6 nanowire ropes can be used as a chemical sensor. Xiubin et al. 24, 25 have showed that resistance of such a thin film changes upon adsorption of organic molecules, suggesting that the electrical conductance of the Mo 6 Se 6 nanowire may change with the type and number of adsorbed atoms or molecules.
Because of their synthesis as structurally identical wires with useful electronic and mechanical properties, Mo 6 Se 6 -type nanowires can be a potential alternative to carbon nanotubes. In this respect, we believe that Y 6 X 6 -type nanowires will be a subject of interest in the future. This work presents a systematic investigation of structural, mechanical, and electronic properties of M 2 Y 6 X 6 , Y 6 X 6 ͑X =Se,Te,S; Y = Mo, Cr, W; and M =Li,Na͒ type nanowires and bulk phase of M 2 Y 6 X 6 , within the density functional theory. Our results are important for further research on these nanowires to reveal their properties for practical technological applications.
II. DESCRIPTION OF THE METHOD
We have performed first-principles plane-wave calculations 26, 27 within density functional theory ͑DFT͒ 28 using ultrasoft pseudopotentials. 29 The exchange correlation potential has been approximated by generalized gradient approximation ͑GGA͒. 30 For partial occupancies, we have used the Methfessel-Paxton smearing method. 31 The width of smearing has been chosen as 0.1 eV for atomic relaxation and 0.01 eV for accurate energy band and electronic density of states calculations. All structures have been treated by supercell geometry ͑with lattice parameters a sc , b sc , and c sc ͒ using periodic boundary conditions. To prevent interaction between adjacent isolated wires, a large spacing ͑a sc = b sc ϳ 15 Å͒ has been taken. For single wire calculations, c sc corresponds to the lattice constant c 0 ͑c 0 being the lattice constant of the Y 6 X 6 along the wire axis or z direction͒, but c sc =2c 0 for double cell. Convergence with respect to the number of plane waves used in expanding Bloch functions and k points in sampling the Brillouin zone have been tested for each wire system. In the self-consistent potential and total energy calculations, the Brillouin zone of nanowires has been sampled by ͑1 ϫ 1 ϫ 15͒ and ͑1 ϫ 1 ϫ 9͒ mesh points in the k space within the Monkhorst-Pack scheme 32 for single and double cells, respectively, since there is no dispersion in x and y directions. For bulk calculations, we have used a grid of ͑3 ϫ 3 ϫ 15͒ k points. A plane-wave basis set with kinetic energy cutoff ប 2 ͉k + G͉ 2 /2m ഛ 300 eV has been used. All atomic positions and lattice parameters have been optimized by using the conjugate gradient method where total energy and atomic forces are minimized. The convergence for energy has been chosen as 10 −5 eV between two ionic steps, and the maximum force allowed on each atom is 0.05 eV/ Å.
III. STRUCTURE
The overall atomic structure of Mo 6 Se 6 -type nanowires and their bulk crystalline are described in Fig. 1 . The unit cell of an isolated nanowire consists of two staggered triangular layers composed of Y 3 X 3 units. Each layer consists of an equilateral triangle having one chalcogen atom at each corner and one metal atom placed between each chalcogen pair. Bulk structure unit cell has hexagonal symmetry, where nanowires along the z direction are arranged to form hexagons. Alkali atoms ͑Li or Na͒ are placed between atomic planes as illustrated in Fig. 1͑c͒ .
We first study the equilibrium structural properties of isolated nanowires and bulk structures by using total energy calculations where the atomic structure is fully optimized. Our detailed analysis reveals that the geometric structure in Fig. 1 is not unique to the experimentally synthesized Mo 6 Se 6 compound, but other metal and chalcogen atoms of the same columns can also form such structures. The binding energy E b and the lattice constant c 0 of optimized structure of Y 6 X 6 nanowires are given in Table I . The lattice constants we have calculated for Mo 6 Se 6 , Mo 6 S 6 , and bulk Li 2 Mo 6 Se 6 are consistent with those reported in earlier experimental and theoretical works. Experimental value of c 0 for isolated Mo 6 Se 6 is 4.5± 0.1 Å. 15 Vilfan 18 has calculated lattice con- [4] [5] [6] [7] , and d are between the atoms ͑1-2͒, ͑1-3͒, ͑2-3͒, ͑3-4͒, ͑4-7͒, and ͑7-3͒, respectively. ͑c͒ The unit cell of bulk ͑periodic͒ structure of M 2 Y 6 X 6 where M = Li or Na are in different planes.
stant and in-plane Mo-Mo, Mo-S, and interplane Mo-Mo and Mo-S distances of an isolated Mo 6 S 6 wire as 4.35± 0.05, 2.74, 2.49, 2.69, and 2.62 Å, respectively. These structural parameters are in agreement with our calculated structure parameters for Mo 6 S 6 . E b per formula unit ͑f.u͒ of isolated wire is calculated as
where E a ͓X͔ and E a ͓Y͔ are the ground state energies of single chalcogen and metal atoms, respectively, and E T ͓Y 6 X 6 ͔ is the optimized total energy of a nonmagnetic nanowire. High E b obtained for each nanowire can provide some clues about stability of the system. Furthermore, we compare E b of Y 6 X 6 wires with E c ͑X , Y͒, which is defined as the sum of bulk cohesive energies of each element forming the Y 6 X 6 wire. Accordingly, E c ͓X , Y͔ = E c ͓X͔ + E c ͓Y͔, where E c ͓X͔ and E c ͓Y͔ are the calculated cohesive energy per atom of X and Y bulk crystals, respectively. 33, 34 Binding energies of Y 6 X 6 nanowires per f.u. with respect to the cohesive energy of metal and chalcogen crystals are calculated as
Calculated E bc and E c ͑X , Y͒ are presented in Table I . E bc of Y 6 X 6 nanowires ranges from 0.01 eV to 1.63 eV, and hence the formation of them from bulk is exothermic. These results indicate that Y 6 X 6 nanowires can be produced from bulk precursors.
It is interesting to note that E b increases as the row number of metal atom increases. On the other hand, in each metal group, E b decreases with increasing row number of chalcogen atom since transition metal ͑TM͒ atoms are located between two chalcogen atoms occupying the corners of the large triangle, larger radius of metal but smaller radius of chalcogen enhances the binding energy. The variation in E b ͑and also E bc ͒ shows the similar trend in the variation of cohesive energies of these elements in bulk phase ͑see Fig.  2͒ . 35 For the bulk structure, the optimized lattice parameters are a = 8.52 and c 0 = 4.5 Å for Li 2 Mo 6 Se 6 . These values are consistent with the experimental values 11, 16 of a = 8.5 and c 0 = 4.48 Å. Lattice parameter c o of isolated wire changes by 1.4% in the bulk crystal. The amounts of change in the interatomic distances of Mo 6 Se 6 nanowire are also small upon formation of crystal. It is noted that the variation of the lattice constant of the nanowires follows the same trend of the bulk crystal structure parameters of the corresponding metal atoms ͑Y͒. The nature of interaction holding Li 2 Mo 6 Se 6 in bulk phase is conjectured to be attractive van der Waals interaction. In principles, DFT includes the van der Waals interaction. However, it is poorly represented in GGA, but relatively better represented in LDA. In addition to GGA calculations which predicted c o and a of Li 2 Mo 6 Se 6 crystal in good agreement with experimental data, we have also carried out LDA calculations using Ceperley-Alder exchangecorrelation potential. 36 LDA results underestimate c o and a. On the other hand, the smallest Se-Se, Se-Li, and Mo-Se interatomic distances between adjoint wires in bulk phase are found to be larger than the corresponding sum of atomic radii. In addition to these arguments, the calculated binding energy of Li 2 Mo 6 Se 6 crystal relative to the energy of Li 2 Mo 6 Se 6 nanowires is only 0.9 eV. Based on these results, we conclude that nanowires in the bulk crystal are held together mainly by moderate chemical interaction.
As a next step, we have carried out finite temperature ab initio MD calculations for one type of nanowires in each metal group, namely Cr 6 Se 6 , Mo 6 Te 6 , and W 6 S 6 . We have performed calculations in double cells at 500 K for 250 time steps ͑0.5 ps͒ using a Langevin thermostat. We also carried out ab initio MD calculations in six unit cells ͑as a periodically repeating cell͒ at 500 K for 1 ps using a microcanonical ensemble but by scaling velocities at each time step. The Brillouin zone has been represented by a single k point at ⌫. These ab initio MD calculations indicate that these wires are stable at high temperature. Trajectories of each atom in the course of MD simulations are illustrated around their equilibrium positions in Fig. 3 . Maximum displacements of atoms from their equilibrium positions are highest ͑lowest͒ in Cr 6 Se 6 ͑W 6 S 6 ͒. Due to constraints of atomic motion at the corner of the inner triangle, deviation of chalcogen atoms from equilibrim are higher than metal atoms.
IV. ELECTRONIC PROPERTIES
The detailed form of band structure around the Fermi energy ͑E F ͒ determines the electronic properties of these materials. The number of bands which cross E F is crucial for the quantum ballistic conductance and the stability of nanowire. Under ideal conditions and within Landauer theory, the equilibrium conductance of an infinite wire would be determined by the number of bands ͑n͒ crossing the E F , namely G =2ne 2 / h. However, in a recent study on Mo 6 Se 6 nanowires, Luttinger liquid behavior has been observed 16 experimentally. This suggests that conductance of Mo 6 Se 6 nanowires may not be written in a simple Landauer form. Due to electron-electron interaction in 1D geometry, equilibrium conductance of defect-free infinite Mo 6 Se 6 wire can be written as G = 2nKe 2 / h, where K represents the dimensionless electron-electron interaction parameter of Luttinger liquid.
Our analysis indicates that the form of the energy band structure that belongs to each metal group is similar. In Fig.  4 , only the band structure of isolated wires with Y = Cr are illustrated as prototypes. For X = S and Se cases, the isolated wires are metallic with three bands crossing E F . Our partial density of states ͑PDOS͒ analysis presented in Fig. 4͑e͒-4͑g͒   FIG. 3 . ͑Color online͒ Trajectories of atoms around equilibrium position for one unit cell in ͑a͒ Cr 6 Se 6 , ͑b͒ Mo 6 Te 6 , and ͑c͒ W6S 6 . Atoms in upper plane ͑lower͒ are labeled by orange ͑red͒ color .  FIG. 4 . ͑Color online͒ The band structure and partial density of states ͑PDOS͒ of Cr 6 S 6 ͑a͒, ͑e͒; Cr 6 Se 6 ͑b͒, ͑f͒; Cr 6 Te 6 ͑c͒, ͑g͒; and band structure of bulk Li 2 Cr 6 Te 6 ͑d͒. Fermi level of metallic systems shown by dashed lines marks the zero of energy. In semiconducting Cr 6 Te 6 , the zero of the energy indicates the top of the valence band. To resolve the band gap in ͑g͒ the smearing of states is decreased. In contrast, the singularities of density of states disappeared owing to the smearing of states by the Gaussian function in ͑e͒ and ͑f͒.
reveals that the bands crossing the E F have d-orbital character of Cr and p character of S or Se atoms. However, the metallic Cr 6 S 6 and Cr 6 Se 6 wires become semiconductors when chalcogen S or Se is replaced by Te to form Cr 6 Te 6 . In fact, all wires, Cr 6 Te 6 , Mo 6 Te 6 , W 6 Te 6 , are found to be semiconductors. This behavior is attributed to the charge transfer between TM and chalcogen atoms. The Mulliken analysis shows that charge is normally transferred from TM atoms to the more electronegative S or Se atom. In the case of the Te atom, the direction of charge transfer is reversed. For example, while the Cr atom gives 0.17 e and 0.05 e to S and Se, respectively, it takes 0.28 e from the Te atom. The trend is similar for other TM atoms ͑Mo, W͒. Due to charge transfer to the Cr atom from Te, the electronic potential at Cr atom rises in energy. The energy gaps are 0.39, 0.23, and 0.25 eV for Cr 6 Te 6 , Mo 6 Te 6 , and W 6 Te 6 , respectively. Figure 4͑d͒ shows the band structure of bulk Li 2 Cr 6 Te 6 along the ⌫-A ͑along the wire͒ and A-L directions ͑perpendicular to the wire͒. In bulk systems, conduction electrons are localized on wires. The dispersion of bands along the ⌫-A direction is stronger than the dispersion of bands along the A-L direction. This situation is consistent with the 1D nature of bulk M 2 Y 6 X 6 compounds. In this respect, our findings confirm the experimental results and other theoretical works. Very small band dispersions along a direction perpendicular to the wire indicate that the interaction between the individual chains is very weak. In the bulk case, alkali atoms ͑Li, Na͒ donate their electrons to wires and change the number of bands crossing the E F . This charge transfer raises the E F and reduces the number of conduction bands of wires. For this reason, unlike Cr 6 Te 6 nanowire, bulk Li 2 Cr 6 Te 6 has metallic behavior.
V. MECHANICAL PROPERTIES
Our results concerning the stability and mechanical properties of the nanowires provide valuable information for the synthesis of these materials in the future. First, we present our extensive analysis of mechanical stability.
A. Rotation from staggered to eclipsed geometry
First, we have analyzed the stability of wires with respect to the rotation of the staggered triangular planes formed by Y 3 X 3 . In this study, one of the planes in the unit cell is fixed and the adjacent one is rotated in 12°steps. At each step, only the lattice constant c sc = c is optimized. In Fig. 5, we show the variation of rotation energy, i.e. E T ͑͒ − E T ͑ =0͒ as a function of rotation angle. Here, E T ͑͒ denotes the total energy of a wire at a given rotation angle . Calculations indicate that there is a high energy barrier ⌬Q ͓=E T ͑ =60͒ − E T ͑ =0͔͒ between eclipsed and staggered structures. All wires prefer the staggered geometry and they relax from the eclipsed to the staggered geometry without any barrier. Interestingly, all isolated wires are nonmagnetic for all .
B. Elastic stiffness
The axial strength of these wires has been investigated by calculating the elastic stiffness constant , which is defined as the second derivative of the strain energy per unit cell with respect to the axial strain ⑀ zz , namely = d 2 E T / d⑀ zz 2 . While calculating , we apply a small deformation to the wire along the wire axis in order to stay in the harmonic region. Consequently, we can use the Hooke's law to find restoring force. The calculated values are listed in Table II . Most of them are higher than that of steel and also comparable with the theoretically predicted value for the ͑8,0͒ single wall Si nanotube ͑23 eV/atom͒. 37 However, they are smaller than that of the single wall carbon nanotube as well as the linear carbon chain which are calculated to be FIG. 5 . ͑Color online͒ Variation of the total energy E T ͑͒ of Mo 6 Se 6 wire with the rotation angle between the adjacent triangles. The continuing line is fit to calculated data. The equilibrium total energy E T ͑ =0͒ is set to zero. 52-60 eV/atom 38 and 119 eV/atom, 39 respectively. In each metal group, the wire with a S atom is stiffer than others and the stiffness decreases from S to Te in the Mo and W group. This trend is not followed in the Cr case. In each chalcogen group, tends to decrease from W to Cr. These results indicate that is related to the radii of atoms. Highest ͑lowest͒ value is obtained for largest ͑smallest͒ radius of a metal atom and smallest ͑largest͒ radius of a chalcogen atom.
C. Breaking strain
The variation of the total energy versus zz has been calculated for all wires by increasing c 0 uniformly in small steps. At each step, the structure has been fully relaxed. In Fig. 6 , we illustrate our results for Cr 6 Se 6 . In the same figure, we also show the tensile force ͑minus the restoring force, i.e.
Here, one distinguishes two different behaviors. In the first one, the wires elongate uniformly under axial tensile force by conserving symmetry. Beyond a critical strain or maximum critical force F c , a smaller force is required to achieve further elongation. This point coincides with the inflection point of the energy E T ͑ zz ͒ curve in Fig. 6 . This is taken usually as the breaking point of the atomic chains. Passing through the breaking point the wire expands uniformly but with a tensile force F T smaller than F c .
In Y 6 X 6 wires, we deduce also a behavior which is different from uniform elongation. Before one reaches the inflection point at a certain value of zz , a structural transformation starts where bonds between TM atoms in different planes break, and concomitantly chalcogen atoms find a place between them. This structural transformation is derived by the elastic energy stored in the wire and is an anharmonic symmetry-breaking process. The system becomes more energetic by lowering the total energy E T whereby the wire expands irregularly. We notice that a similar anharmonic structural transformation after an elastic deformation took place in the stretching of metal nanowires with finite cross section. 40 The transformation may release part of the elastic energy accumulated in the wire after a certain deformation. At the end, the cross section reduces at a local region and a neck develops. The onset of yielding is taken as the onset of breaking strain zz,B under constant tensile force. In Table II , we list calculated values of zz,B , breaking-strain energy E B , and E B / zz,B . Note that E B occurs in the range of 1 -2 eV, which is typical for bond breaking energy.
Breaking strain zz,B of Mo 6 S 6 has been found to be 6.6% by Vilfan. 18 Our calculated strain is 6.9% and in fair agreement with Vilfan. 18 The breaking strain of 19% for Mo 6 Se 6 has been found by Riberio et al. 17 This value is about 2.5 times larger than our calculated breaking strain. In their calculations, a single cell has been used and the wire has expanded uniformly. We believe that this constraint gives rise to a larger breaking strain in Ref. 17 . The value of the breaking strain zz,B increases with the row number of chalcogen atom in Mo 6 X 6 and W 6 X 6 wires.
VI. FUNCTIONALIZATION OF NANOWIRES
We have next examined how the electronic and magnetic properties of Mo 6 Se 6 -type nanowires can be modified upon adsorption of foreign atoms. Adsorbate induced changes in the properties of nanowires are crucial for fabrication of chemical and biological sensors. Moreover, functional nanowires can be the building blocks of different devices. We choose Mo 6 Se 6 which was synthesized experimentally as prototype and study the effects of H, O, Cr and Ti adsorption. 6 . ͑Color online͒ The variation of the total energy of Cr 6 Se 6 with respect to the strain zz along the wire axis. Energy values indicated by square and filled circles correspond to the uniformly and irregularly elongating wire, respectively. The atomic structure of uniformly and irregularly elongating wires are given by left and right insets, respectively. The force variation of uniformly elongating wire is shown by empty circles. The maximum of force variation corresponds to the inflection point of the energy.
We have considered four different possible adsorption sites in a single cell and one site ͑which is the most favorable case͒ in a double cell of Mo 6 Se 6 ͑see Fig. 7͒ . In single cell calculations, the nearest adsorbate-adsorbate distance is equal to c 0 ͑4.44 Å͒, while this distance is 2c 0 in double cell calculations. Therefore, single cell calculation allows a significant coupling between adjacent adatoms. This coupling is small in double cell configuration. E b of adsorbate atom in single cell configuration is obtained from the following expression:
where E T ͓Mo 6 Se 6 ͔ stands for the fully optimized total energy of bare Mo 6 Se 6 nanowire calculated in single cell, E͓A͔ is the energy of the chain of adsorbate atom A and E T ͓Mo 6 Se 6 + A͔ is the fully relaxed total energy of the single adsorbate on Mo 6 Se 6 nanowire. We note that E͓A͔ is calculated after removing the Mo 6 Se 6 wire from the unit cell, but by keeping A in the same position as in Mo 6 Se 6 +A. 41 The binding energies E b are obtained according to the lowest ground-state total energies ͑either magnetic or nonmagnetic͒ of both E T ͓Mo 6 Se 6 +A͔ and E͓A͔. Bare nanowire has a nonmagnetic ground state with zero net spin. All adsorbates studied here have positive E b which corresponds to optimized stable structure with significant binding. Our results are summarized in Table III 
VII. CONCLUSION
We have found that not only Mo 6 Se 6 , but also transition metal atoms in the same column as Mo and chalcogen atoms in the same column as Se can form Mo 6 Se 6 -type stable nanowires. All wires have a high binding energy and it increases with increasing ͑decreasing͒ row number of metal ͑chalco-gen͒ atoms. The molecular dynamics simulations performed at 500 K and relaxation after random displacement of atoms indicate the stability of these structures. The wires with Te as a chalcogen atom are semiconductors but the rest of the family is metallic. Band structure for the bulk case gives rise to strong dispersion along wire axis. The calculated elastic stiffness constants point out that these wires are strong. Adatoms such as, O, H, Cr, and Ti atoms are also strongly bound to the Mo 6 Se 6 wire. Among them, Cr and Ti induce magnetic moment. 
